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ABSTRACT: The steadily increasing consumption of natural gas
imposes a need to facilitate the handling and distribution of the
fuel, which presently is compressed or condensed. Alternatively,
reduced volatility and increased tractability are achieved by
converting the chemical energy of the main component, methane,
into liquid methanol. Previous studies have explored direct
methane-to-methanol conversion, but suitable catalysts have not
yet been identified. Here, the complete reaction cycle for methane-
to-methanol conversion over the Cu-SSZ-13 system is studied
using density functional theory. The first step in the reaction cycle
is the migration of Cu species along the zeolite framework forming
the Cu pair, which is necessary for the adsorption of O2. Methane
conversion occurs over the CuOOCu and CuOCu sites,
consecutively, after which the system is returned to its initial structure with two separate Cu ions. A density functional theory-
based kinetic model shows high activity when water is included in the reaction mechanism, for example, even at very low partial
pressures of water, the kinetic model results in a turnover frequency of ∼1 at 450 K. The apparent activation energy from the kinetic
model (∼1.1 eV) is close to recent measurements. However, experimental studies always observe very small amounts of methanol
compared to formation of more energetically preferred products, for example, CO2. This low selectivity to methanol is not described
by the current reaction mechanism as it does not consider formation of other species; however, the results suggest that selectivity,
rather than inherent kinetic limitations, is an important target for improving methanol yields from humid systems. Moreover, a
closed reaction cycle for the partial oxidation of methane has long been sought, and in achieving this over the Cu-SSZ-13, this study
contributes one more step toward identifying a suitable catalyst for direct methane-to-methanol conversion.
■ INTRODUCTION
Natural gas is the third-largest primary energy source, and given
that its main component is methane, it is crucial to continually
keep the gas under high pressure (20−25 MPa) or low
temperature (−163 °C) to reduce its volatility and increase
tractability. Converting methane into methanol would retain
high specific energy and low carbon emission of methane while
keeping the fuel in liquid form at room temperature and
removing the need for constant temperature or pressure control.
However, direct methane-to-methanol (DMTM) conversion is
a notoriously difficult reaction, and a suitable catalytic system for
the reaction is yet to be identified. The issue with the DMTM
reaction is that complete methane combustion to CO2 and H2O
is thermodynamically preferred, and the catalyst should, thus,
have selectivity toward CH3OH.
One line of research has been trying to mimic the porous
structure and ionic metal sites of the naturally occurring
enzymatic methane monooxygenases1 by metal ion-exchanging
zeolites. Several zeolite structures, such as ZSM-5 and SSZ-13,
have shown promising signs of enhancing the reaction.2−8
However, the exact structure and function of these catalytic
materials are not yet known. Experimental studies of DMTM
conversion over zeolite systems have successfully produced
methanol using a three-step cyclic procedure. The first step is the
introduction of oxidants (e.g., O2, N2O, or NO) at high
temperature (>350 °C). The second step is the reaction phase at
50−210 °C, where CH4 is introduced. The last step is the
extraction at 25−210 °C, where reactants and products are
extracted using a solvent such as water or ethanol.2,5,9 Using this
method, Cu-SSZ-13 has been shown to yield 28−31
μmolCH3OHgcat
−1, where the lower yield corresponds to a lower
Si/Al ratio in the zeolite.9 Recently, it has also been shown that
conversion can be achieved in a continuous manner, where after
pretreating the catalyst at a high temperature (∼800 K), the
reaction is performed continuously at ∼500 K,10 where SSZ-13
has been reported to produce 3.13 μmolCH3OHh
−1gcat
−1.6 In
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addition to the use of water as a solvent, recent findings identify
H2O as an oxidant in the reaction under anaerobic
conditions.11,12 The use of water as an oxidant might increase
the selectivity of the site as H2O acts as a milder oxidant
compared to O2.
13
Copper seems to be one of the most promising candidates for
the reaction over ion-exchanged zeolites, and several different
active-site motifs have been investigated and proposed as
responsible for the conversion.14−16 Several structures have
been suggested, such as CuOH, CuOOCu, and CuOCu.17−20
Dinh et al.10 propose the CuOCu structure as being the active-
site structure showing selectivity toward methane formation,
while other Cu structures and CuxOy clusters promote complete
CH4 oxidation to CO2. A proposed mechanism for the
formation of the CuOOCu and CuOCu structures is via a
CuOH intermediate,19 where an intermediate CuO structure is
also proposed to be promoting CH4 conversion
21 (however, a
stable CuO structure in the zeolite has not been observed
experimentally). Additionally, the formation of the dimeric
structures is proposed to be sensitive to the Si/Al ratio
(according to Ipek et al.,19 where a low ratio of Si/Al ≈ 12
was preferred for CH3OH production), as well as the Al−Al
distance in the zeolite cage.22 Larger trimer motifs, although not
prevalent in the small-pore zeolites, are found in zeolites such as
MOR andMFI.23 In addition to trimer sites, multiple interacting
monomer complexes have been identified in zeolites MOR and
MAZ. These interacting [CuOH]+ sites, prevalent at high Si/Al
ratios, have been suggested to be responsible for the highly
selective conversion in large-pore zeolites.24,25
In this study, we use first-principles calculations to determine
the mechanism in forming the active site. The identified DMTM
reaction occurs over the CuOOCu and CuOCu structures, and
the activity is investigated using amicrokinetic model calculating
the turnover frequency (TOF) for a continuous reaction cycle.
As the presence of water is believed to influence the
reaction,11,16,26,27 the partial pressure of water is included in a
microkinetic model of the activity for the reaction.
■ METHODS
Density functional theory calculations were performed using the
Vienna Ab initio Simulation Package (VASP),28−33 where the
projector augmented wave (PAW) method34,35 models the
interaction between the valence electrons and the cores. PAW
potentials were used with the valence states H(1s1), O(2s22p4),
C(2s22p2), Al(3s23p1), Si(3s23p2), and Cu(3d104s1). The
exchange−correlation interaction was treated using the vdW-
DF-cx functional,36−38 which includes van der Waals inter-
actions into the exchange−correlation by taking nonlocal
screening into account. The effect of using a +U correction, U
= 6 eV, is shown in Figures S2 and S3 for the dry and wet
reaction, respectively. The Kohn−Sham orbitals were repre-
sented using a plane-wave basis set with 480 eV as the cutoff
energy. A Gaussian smearing of 0.05 eV was applied to the Fermi
level discontinuity. The electronic energies were converged to
10−8 eV in the self-consistent loop, and ionic positions were
considered to be relaxed when the largest atomic force in the
system was smaller than 0.02 eV/Å. The Brillouin zone was
sampled using the Γ-point approximation. The gas-phase
molecules were treated in a cubic box with sides of 10 Å. All
calculations were done using spin polarization. The transition
states (TS) were obtained using the climbingNEBmethod,39−41
as implemented in VASP. During the NEB, the spin of the
structure was allowed to change.
Vibrational energies were calculated by constructing the
Hessian matrix using atomic forces generated by 0.01 Å
displacements of the considered atoms. Only the extra-
framework atoms, that is, the active site and reactants, were
included in the vibration analysis. All low-lying normal modes
(including negative modes) of the adsorbed reaction inter-
mediate were set to 100 cm−1. The translations and rotations of
gas-phase water, methane, and methanol were calculated using
the ideal gas approximation, whereas all vibrations were
calculated using the harmonic approximation.42,43 Rotations
were treated by the rigid motor model.44 All intermediate states
have been analyzed for charge distribution using the Bader
analysis method developed by the Henkelman group.45−48
The stability of the reaction intermediate states was compared
using the change in Gibbs free energy
Δ Δμ = Δ − ·Δ − ΔμG T H T S T( , ) ( ) (1)
T is temperature, and Δμ is the change in chemical potential
between 0 K and the condition of interest for the relevant gases.
Here, Δμ =ΔμCH4 unless water is added into the mechanism, in
which case, H2O is treated in an analogous way to CH4 in eq 2,
and Δμ.
ΔS is the difference in entropy between adsorbed and gas-
phase states
Δ = − ‐S S Sadsorbed gas phase (2)
When gas-phase molecules are present in the zeolite cage, their
entropy contribution is affected by the confinement of the
zeolite structure and is calculated according to49,50











gas are entropy contributions from the gas-phase
translations and rotations of themolecule, and Svib
zeo is the entropy
contribution from the vibrational modes of the molecule inside
the zeolite. In eq 1, the change in enthalpy is approximated as the
difference in total energy.51
Microkinetic Modeling. The implications of the methane-
to-methanol energy landscapes were explored further using a
mean-field microkinetic model.


































where ΔE is the energy difference between the initial state and
transition state, Z is the partition function for the initial state, Z′⧧
is the partition function for the transition state with the reaction
coordinate excluded, kB is Boltzmann’s constant, and h is
Planck’s constant. The free energy differences, ΔG, were
computed in the harmonic approximation for all adsorbates
exceptmethane andwater and by the ideal gas approximation for
gas molecules. Methane and water molecules present in the
zeolite channel were treated as hindered gases, retaining two-
thirds of their translational and rotational entropy,49,50 as given
in eq 3. The adsorption/desorption of methane, methanol, and
water were considered to be barrierless, and the rate constant for
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where p is the partial pressure of the molecule in the gas phase, A
is the cross-sectional area of the pore consistent with similar
studies,52,53 andm the mass of the molecule. The corresponding
desorption rate constants were obtained through the equili-
brium constant














The differential equations were solved in Python, using the
SciPy54 lsoda wrapper to the Fortran ODEPACK library,55 and
backward differentiation formulas. The relative and absolute
tolerances were set to 1 × 10−8 and 1 × 10−10, respectively.
Steady states were checked using the root-finding solver in SciPy
with the hybr method, which is a modified version of the Powell
hybrid method from MINPACK,56 with a relative error
tolerance of 1 × 10−8.
Zeolite Framework. In this study, partial oxidation of
methane to methanol is investigated over the Cu-functionalized
chabazite (CHA) framework SSZ-13. The SSZ-13 is a small-
pored zeolite consisting of four-, six-, and eight-membered rings
(MRs). Considering the hexagonal unit cell of the CHA
framework with 36 tetrahedral sites (see Figure S1), an Si/Al
ratio of 36:2 is used and is denoted Z2. Two Cu ions are
introduced to compensate for the +2 charge in the Z2 zeolite
system.
■ RESULTS AND DISCUSSION
The reaction mechanism for the full reaction cycle is explored
for the DMTM reaction over Cu-SSZ-13. For simplicity, the full
cycle will be divided into three parts, (i) the activation phase,
which forms Cu dimers from two separate Cu ions, (ii) the
reaction phase where methane interacts with the Z2[CuOOCu]
and Z2[CuOCu] sites, and produce methanol, and finally (iii)
the extraction phase, where the formation of separate Cu ions
occurs after desorbing the second methanol in the cycle.
In the description of intermediate steps, two different
notations are used. During the activation phase, the notation
is chosen to emphasize the structure of the Cu ions. During
reaction and extraction, the two Cu ions of the active site are
located in the 8 MR and denoted as *. Hence, *X,Y implies that
reaction intermediate X is coordinated to the Cu ions, forming
the current state of the active site, while reaction intermediate Y
is either adsorbed on the active site or is free in the zeolite.
Vibrations of all intermediate states, for dry and wet conditions,
can be found in the Supporting Information: activation
intermediates in Table S1, intermediates for reaction and
extraction over Z2[CuOOCu] in Table S2, and intermediates for
reaction and extraction over Z2[CuOCu] in Table S3. The
structural properties of gas-phase O2, H2O, CH4, and CH3OH
are in good agreement with experimental values;57 for details,
see Table S4. The formation energy of the DMTM conversion is
0.534 eV higher when calculated using the vdW-DF-cx
functional as compared to the experimental value reported by
Gurvich et al.58 Comparison with other functionals can be found
in Table S5.
Reaction Cycle during Dry Conditions. The energy
landscape for activation of Z2[2Cu] is shown along with the
subsequent DMTM reactions in Figure 1. The most stable
structure is when the system contains only twoCu ions (i.e., 2Cu
in Figure 1), with one Cu ion in each of the 6 MR. The highest
barrier in the activation of the system is the migration of one of
the Cu ions from the 6 MR to the nearest 8 MR containing two
Al atoms (i.e., TS1). Moving of the Cu ion through the zeolite is
associated with a barrier of 0.95 eV. This is 0.20 eV more than
when using BEEF as the exchange−correlation functional.59
This higher barrier is likely a result of the known tendency of
vdW-DF-cx to overbind when compared to PBE; BEEF, on the
Figure 1.Dry reaction path. The first part of the reaction is the activation of the Z2[2Cu] system using O2. The DMTM reaction is performed over the
activated Z2[CuOOCu] and subsequently over Z2[CuOCu], producing two CH3OHmolecules per complete cycle. The very last step is a barrierless,
exothermic regeneration of the initial 2Cu structure. The energies are in electron volts and relative to that of Z2[2Cu], with two CH4 and one O2 in the
gas phase. Atom color code: copper (brown), oxygen (red), hydrogen (white), carbon (black), silicon (beige), and aluminum (gray).
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other hand, often does the opposite and underestimates the
stability of the structure.60 After the forming the Cu-pair
intermediate, O2 is included as the second Cu ion moves to the
same 8 MR in a 1.79 eV exothermic formation of CuO2Cu. As
oxygen is added to the Cu dimer, the most stable position for
Cu2O2 is in the plane of the 8 MR containing two Al atoms;
insertion of the oxygen into the zeolite cage is assumed to be
barrierless, and thus, the formation of the CuO2Cu in the 8 MR
occurs without a barrier. The last step in the activation forms the
most stable possible structure of Cu2O2 in the zeolite, the
symmetric structure of CuOOCu. The barrier for CuOOCu
formation is 0.16 eV. The presence of the CuOOCu structure for
DMTM has been shown experimentally in the zeolite structure
ZSM-5.5 The conversion to methanol is known to occur via the
CH3 radical.
61 Hence after the addition of CH4 into the zeolite,
the reaction over the Z2[CuOOCu] system is limited by TS3.
The CH3 radical of TS3 forms with a barrier of 1.44 eV, after
which *O,*CH3OH forms on the Cu dimer. Formation of the
second CH3OH, now over Z2[CuOCu], is governed by TS4,
which again is associated with the activation of CH4. Over the
Z2[CuOCu] system, the barrier to form the CH3 radical is 1.17
eV, which is 0.27 eV lower than that over the Z2[CuOOCu]
system. The lower barrier to form the radical over Z2[CuOCu]
as compared to Z2[CuOOCu] is in accordance with Zhao et al.
18
Forming CH3OH over Z2[CuOCu] requires moving the OH
group through the 8 MR, which is associated with a barrier of
0.08 eV. The final desorption of CH3OHhas a barrier of 2.29 eV.
After the desorption of the second CH3OH, the two Cu ions in
the 8 MR return to the Z2[Cu-pair] configuration with one Cu
ion in the 6 MRs over a barrier of 0.64 eV. A return to the initial
structure 2Cu, that is, both Cu ions in 6MRs, occurs via a barrier
of 0.39 eV (TS7). The overall change in energy (2.67 eV) is the
exothermicity of the reaction.
There are several spin flips between the singlet and triplet
state during the reaction path outlined in Figure 1. Due to the
change in spin (as shown in Table 1), the rate calculated for the
reaction is an upper limit (for further discussion, see Shiota and
Yoshizawa21). The energy difference between the lowest and
second-lowest state is found in Table 1. The charge distribution
of the Cu ions in each intermediate state can be found in Table
S6.
Reaction Cycle during Wet Conditions. Zeolites are
known to be very humid, and the presence of water has proven to
be important for reactions in the zeolite.20,27 The dry
mechanism as illustrated in Figure 1 might, thus, be affected
by the addition of H2O. Here, one H2O is introduced into the
reaction mechanism and is allowed to interact with the reaction
intermediates. The results show that in all cases, the H2O
coordinates preferably with one of the Cu ions. The adsorption
energy ranges from the lowest adsorption energy of 0.75 eV on
TS4[H2O] to the highest of 2.02 eV on *[H2O].
The energy landscape for activation of Z2[2Cu], with water
included in the reaction, is shown in Figure 2. As opposed to the
2Cu system without H2O, inclusion of water initially lifts one of
the Cu ions from its position in the 6 MRs. This results in a 0.73
eV lower barrier for migration of the Cu from the 6 MR to the 8
MR. As this first TS is the limiting step in the activation, the
presence of water facilitates the activation of the system. The
introduction of O2 again results in an exothermic formation of
CuO2Cu. However, O2 adsorption onto the Cu dimer is 0.91 eV
when including H2O that is adsorbed, which is ∼1 eV less than
that in the absence of water. Thus, during the activation phase of
the reaction, H2O flattens the landscape by lowering the barriers
and destabilizing the intermediates.
Dissociation of CH4 via the CH3 radical (TS2), followed by a
strongly bound CH3OH on the Cu dimer (*O,*CH3OH-
[H2O]) has a barrier of 0.28 eV. CH4 dissociation over
Z2[CuOOCu]H2O has a barrier that is 1.16 eV lower than that
in the dry case. One Cu cation detaches from the framework
when CH3OH is formed, indicating increased mobility of the
wet cluster.
Formation of the second CH3OH, over Z2[CuOCu], goes
through TS3, the CH3 radical formation. The barrier to form the
radical (TS3) is decreased by 0.7 eV when H2O is added to the
reaction as compared to the dry reaction. However, TS4, the
formation of *CH3OH, is increased by 0.28 eV for the wet
system as compared to the dry case. The mechanism for
*CH3OH formation over Z2[CuOCu] in the wet system is
different from the mechanism over the dry system. Instead of
moving the *OH group through the 8 MR, the *OH detaches
from one of the Cu ions and is rotated into the cage, where it is
connected to the *CH3. The desorption energy of CH3OH is
1.22 eV. After the desorption of the second CH3OH, the two Cu
ions in the 8 MR return to the Z2[Cu-pair] configuration with
one Cu ion in the 6MRs over a barrier of 0.96 eV. A return to the
initial structure 2Cu, that is, both Cu ions in 6 MRs, occurs via a
barrier of 0.47 eV (TS7).
There are two spin flips between the singlet and triplet state
during the considered reaction path. Due to the change in spin
(as shown in Table 2), the rate calculated for the reaction is also,
in this case, an upper limit. The energy difference between the
lowest and second-lowest state is given in Table 2. The charge
distribution of the Cu ions in each intermediate state can be
found in Table S6.
KineticModels. In order to study the kinetic performance of
the dry and wet DMTM reaction mechanisms, we turn to mean-
field microkinetic modeling based on the respective energy
landscapes. The active sites are taken to begin in the 2Cu state
(with/without water), and the activation, reaction, and
desorption steps are included to result in a complete catalytic
cycle, that is, ending in the 2Cu state (with/without water). The
catalytic cycle is shown in Figure S4 in the Supporting
Table 1. Spin State of the Intermediates in the Activation
Reaction Following the Reaction Mechanisms in Figure 1a







*2O, CH4 singlet 0.12
TS3 triplet 1.01
*O, *CH3OH triplet 0.19
*O triplet 0.14






aEnergy difference between the two lowest spin states in electron-
volts.
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Information. The steady-state distribution of intermediates is
found to be similar in the dry and wet systems (Figure 3a). The
dominant intermediate under most reaction temperatures is
adsorbed methanol (*CH3OH) because methanol desorption is
significantly endergonic in the dry system and in the wet system
below 640 K. The portion of sites occupied by methane on
Z2[CuOCu] and, to a lesser extent, Z2[CuOOCu] increases
with temperature as the adsorbed methane states are less
destabilized by increasing temperature than their subsequent TS
and adsorbed methanol states, that is, the reaction barriers
increase and the reaction free energy becomes more positive/
less negative.
The TOF of the wet system is found to be significantly higher
than that of the dry system at all temperatures (Figure 3b).
While the wet system can achieve a TOF of 1 s−1 at a
temperature of 440 K, the dry system is much less active across
the full temperature range investigated, only yielding a TOF 12
orders of magnitude lower at the same temperature and never
reaching 1 s−1 (the chabazite framework is only stable below ca.
800 K62). The impact of water on the performance of the Cu-
SSZ-13 catalyst can be investigated further by combining the dry
and wet mechanisms, allowing adsorption of water to the
initially dry active sites and enabling both pathways simulta-
neously (see dotted arrow in Figure S4). This implies that the
Cu-sites can be either dry or wet depending on whether they
have taken up a water molecule. Cu sites in a dry state will exhibit
the slow kinetics of the dry system, while the productivity of wet
sites should be accelerated. The kinetics are found to be strongly
dependent on both temperature and the partial pressure of water
(Figure 4). Because the catalytic cycle is significantly more
favorable when the active sites are associated with an H2O
molecule, a small water presence (around 10−7 bar) is found to
be enough to achieve a reasonable TOF at 450 K.
The presented computational model is tractable and
straightforward but contains some significant limitations
compared with the real system. First, the reaction mechanism
does not include diffusion of active site species, reactants, or
products inside the zeolite. Second, the model only includes one
type of active site, thus ignoring the effect of competing active
sites (e.g., Cu monomers, trimers, and Brønsted sites),
impurities, defects, and spectator species. Third, no competing
reactions are included in the analysis, that is, only the activity for
methanol formation is investigated. These limitations result in
Figure 2. Reaction path including H2O. The first part of the reaction is the activation of the Z2[2Cu]H2O system using O2. The DMTM reaction is
performed over the activated Z2[CuOOCu]H2O and, subsequently, over Z2[CuOCu]H2O, producing two CH3OH molecules per complete cycle.
The very last step is a barrierless, endothermic regeneration of the initial 2Cu structure. The energies are in electronvolts and relative to that of
Z2[2Cu]H2O, with two CH4 and one O2 in the gas phase. Atom color code: copper (brown), oxygen (red), hydrogen (white), carbon (black), silicon
(beige), and aluminum (gray).
Table 2. Spin State of the Intermediates in the Activation
Reaction with H2O Following the Reaction Mechanisms in
Figure 2a
reaction intermediate spin state energy difference [eV]
2Cu[H2O] singlet 2.77
TS1[H2O] singlet 3.31
Cu-pair [H2O] singlet 2.65
CuO2Cu[H2O] triplet 0.31
CuOOCu[H2O] triplet 0.28
*2O, CH4[H2O] triplet 0.11
TS2[H2O] triplet 0.55
*O, *CH3OH[H2O] triplet 0.09
*O[H2O] triplet 0.09
*O, CH4[H2O] triplet 0.03
TS3[H2O] singlet 1.70




aEnergy difference between the two lowest spin states in electron
volts.
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some important differences with respect to experimental
observations. For instance, experiments report low quantities
of methanol and instead observe significant quantities of CO and
CO2,
10,63 which are reaction products not included in the
present model.
However, looking past these limitations, the computational
study provides an atomistic understanding of the effect of, for
example, how water assists in the reaction. Furthermore, we find
that under the conditions at which the TOF is close to 1 s−1, the
apparent activation energy is estimated to be around 110 kJ·
mol−1, which is in qualitative agreement with experimental value
of 100 ± 2.1 kJ·mol−1 reported by Narsimhan.64 The low
apparent activation energy for DMTM is promising for the
activity of the Cu-SSZ-13 system, and the challenge is to find
ways to limit the competing reactions to more stable products.
■ CONCLUSIONS
The complete reaction mechanisms and the activity of DMTM
conversion in Cu-SSZ-13 have been explored by first-principles
calculations and microkinetic modeling under dry and wet
conditions. Under both conditions, the activation of the system
is initiated by the migration of Cu ions along the zeolite
framework, consequently forming Cu dimers, which facilities the
adsorption of O2. The subsequent DMTM reaction is performed
over the activated CuOOCu and CuOCu sites, consecutively.
Over both sites, the dissociation of methane occurs via a methyl
radical state, which is responsible for the highest barrier of the
reaction during both dry and wet conditions. The addition of
water into the system flattens the overall energy landscape,
lowering the barriers, and facilitates desorption as the H2O
molecules appear to increase the mobility of the active site. The
microkinetic model suggests that the water-containing system is
suitable for the partial oxidation reaction. The kinetics are
positively affected by the temperature and partial pressure of
water; even a very low humidity (10−7 bar) in the system proves
enough to produce a reasonable TOF at experimental reaction
temperatures (450 K), and the predicted activation energy
agrees well with the value observed experimentally. These results
suggest that the system may be hindered by CO and CO2
formation, resulting in experimental rates lower than those
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